NiTi-based shape memory alloys are metallic materials exhibiting remarkable response to mechanical and/or thermal loading, e.g. superelasticity, pseudoplasticity or one-way shape memory eect. They can be engineered into structures of micro-size dimensions, hence, they appear promising for application in micro-electromechanical systems. For their ecient utilization, appropriate characterization is important. Due to relative simplicity, indentation represents a very standard and popular technique for basic characterization of metallic materials providing information about stiness and hardness. Moreover, it can be used for identication of other events in the material. This study aims to verify applicability of the recently developed constitutive model for NiTi-based shape memory alloy in simulations of nanoindentation tests. The model is tted to a particular sample material using experimental data, and a series of simulations mimicking tests at various temperatures is performed. Since the model also captures two-stage martensitic transformation via the intermediate R-phase, its inuence on the simulations is investigated as well. It is conrmed that spherical indentation is a suitable method for simple and fast detection whether the material is in superelastic or pseudoplastic regime.
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as phase transformations, cracking or delamination of lms [3] .
Shape memory alloys (SMAs) are intermetallic materials exhibiting solid-to-solid phase transformation which is reversible. The phase change between austenite and martensite may be induced by temperature changes and/or deformation. If the material is deformed at a temperature higher than a certain limit (A f ), it recovers original shape after unloading even if deformation reaches several percent; this eect is called superelasticity (SE).
If deformed under this temperature, the deformation is mostly retained after unloading, which is called pseudo-* corresponding author; e-mail: mfrost@it.cas.cz plasticity (PP), and the alloy must be heated over A f to fully recover its original shape. The dierent behavior is due to dierent phase composition. Above A f the only stable phase of material is austenite and martensite is stable only due to applied mechanical loading. With decreasing temperature, martensite becomes thermodynamically preferred. Martensitic phase features several (non-elastic) structural mechanisms which allow for recoverable accommodation of imposed strains; they are collectively termed reorientation (processes) hereinafter.
As common in metals, however, if the mechanical loading is too severe, processes linked with plasticity are initiated and the original shape is fully recovered in neither situation.
Having found application in medicine, civil engineering or aerospace industry, NiTi-based alloys are a prominent class within SMAs usually utilized in form of a pollycrystalline bulk or lm. Some material characteristics related to the phase transformation are quite sensitive to alloy composition, manufacturing and processing of nal or semi-nished (wires, plates, lms) products, e.g. [4, 5] .
For instance, changes of composition and processing inuence presence/absence of the intermediate phase, socalled R-phase, in NiTi alloys [6] .
At least since the last decade, NiTi-based SMAs are intensively investigated also by means of (nano-) indentation techniques. For instance, it was observed in [7] that indentation induced SE is much more pronounced
under spherical indentation conditions than that under pyramidal indentation. The quantitative stress analysis of nanoindentation on NiTi samples performed in [8] suggests that the stress required to induce the martensitic phase transformation at nanometer scales is on a par with macroscopic stresses required to induce it. Purely SE behavior (without any induced plasticity) was successfully observed in spherical indentation tests performed in [9] .
Recently, work [10] studied dependence of nanoindentation behavior on the crystallographic loading direction on a coarse-grained NiTi sample. However, as pointed up by the authors, due to mutual interaction of microstructural processes in SMA, the mere load-displacement data are insucient when it comes to identication of individual contributions to the net response. One option is to employ additional experimental investigations, the other is to rely on computational modeling.
There is an abundance of constitutive models of SMAs in the literature, originating at dierent scales of description and simplication, see reviews [11, 12] [13] . So far, the model was extensively tested on simulations of thermomechanical response of products manufactured from NiTi SMA wires [14, 15] . (3) to investigate how the occurrence of R-phase inuences the simulations.
Materials and experiments
NiTi plate with composition 52. For description of a thermodynamic state of the material, two external state variables total strain, ε, and temperature, T are complemented by two scalar internal variables volume fraction of martensite, ξ, volume fraction of R-phase, η and one tensorial internal variable traceless inelastic strain related to transformation, ε in .
The Helmholtz free energy is formulated in a rather standard form [11] : R-phase, respectively. T 0 is a material parameter related to thermodynamic equilibrium between austenite and martensite, whereas R s and R f are temperatures adjusting initiation and termination of transformation between austenite and R-phase under stress-free condition.
More details on assumptions leading to this form can be found in [13] . The rate-independent dissipation function, which is directly related to so-called transformation domain common in phenomenological plasticity-inspired SMA models, takes the following form: 
Numerical simulations
Proting from the axial symmetry of spherical indentation, the situation was modeled as a 2D axisymmetric problem using 6400 four-node linear axisymmetric elements (coded as CAX4 in Abaqus) in a square mesh whose lateral size represented 2400 nm. Hence, the size of the sample is almost 40 times larger than the maximum indentation depth applied in this study (65 nm).
The size of elements was spatially variable, decreasing in a geometrical sequence towards the corner directly under the tip, so that the mesh was most dense there, see • and 13
• for indentation depths up to 42 nm and 65 nm, respectively), the contact between the indenter and the mesh can be assumed frictionless [23] . Large rotations of material elements are dealt with by activation of the non-linear geometry mode in Abaqus software [25] .
TABLE
Parameters of the constitutive model used in the simulations. Then, the residual depth is non-zero as observed in Fig. 3 and the residual compressive stress just beneath the indented surface of the sample reach values corresponding to reorientation stress (i.e. σ reo (T )). At 60
• C, mainly martensite reorientation is under way during loading;
hence, the unloading part of the curve is predominantly elastic.
Finally, due to the coupling of stress and temperature in driving force for phase transformations, the load needed to reach the prescribed penetration depth gradually decreases with decreasing indentation temperature. To this end, we set ∆s AR = 0 and G R = G A (i.e. E R = E A ) in the model. Dierences are most pronounced at 40
• C, where the residual depth is roughly twice higher.
The reason is that if the R-phase transition is suppressed, more martensite (contributing by transformation strain to the residual depth) is formed in the sample at the same temperature. In the gure it is also worth to note dierent slopes of the initial part of the unloading curve related to the dierent elasticity of austenite and R-phase (best visible at 0 • C).
Conclusions
The recently developed constitutive model for NiTi- hence, they may provide guidelines for tailored experiments, e.g. avoiding initiation of irrecoverable processes.
Extension of the constitutive model to capture irrecoverable processes is under development.
